We present the motivation and development of the novel "differential phase" technique being developed for the Keck Interferometer with the goal of detecting faint companions near a bright source. The differential phase technique uses simultaneous phase measurements at several infrared wavelengths to detect the astrophysical signature produced by a chromatic, asymmetric brightness distribution. We discuss the origin of the differential phase signature and present results of test observations taken at the Palomar Testbed Interferometer. One important test result is the larger than expected effect of water vapor turbulence on these multi-wavelength observations due to the infrared dispersion of water. In order to reach the design goal of 0.1 milliradians, the phase noise caused by both temperature and water vapor fluctuations in the atmosphere must be corrected, and we discuss several ways to achieve this.
INTRODUCTION
Direct detection of extrasolar planets is challenging due to the high intensity ratio and small angular separation between the planet and the star. For example, the planet/star flux ratio of a Jupiter-size planet orbiting 0.05 AU from a solar-type star is ' 1O_8 in the optical and ' iO" at 2 pm. While the planet in isolation could easily be detected at this flux level, the nearby star makes this detection a problem of intensity dynamic range and spatial resolution. At a distance of 20 pc, the angular separation of this planetary companion is milliarcseconds, smaller than the diffraction limit of a single Keck 10-rn telescope. Interferornetric techniques can provide both the necessary sensitivity and spatial resolution to study extrasolar planets in the infrared. 
DIFFERENTIAL PHASE TECHNIQUE
The
Differential phase
For differential phase observations, the presence of a faint companion is determined using measurement of the fringe phase simultaneously at several wavelengths. A phase difference as a function of wavelength is produced by sources with different spectral energy distributions, as the source amplitudes will contribute different fractions to the measured fringe phase at different wavelengths. In the narrow band limit, the fringe from the primary is given by A cos(kx) where k = 2r/A and x is the delay. The secondary source fringe is given by
where 6 is the separation of the two sources on the sky as measured in delay space and is a function of the baseline and ds, the separation on the sky, i.e., 6 = ds . B. Both the fringe amplitude A and A3 , as well as k, will depend on the wavelength band. The relative contribution of the primary and secondary to the flux for a particular measurement bin, A, B, C, D, is given by
Ai /4 and so on. Once the source flux densities and separation vector are specified, the phase at each wavelength and the differential phase can be easily computed from these integrals. As the interferometer tracks a source across the sky, the projected baseline will evolve in time. Thus, the differential phase for a given source will be a function of hour angle ( Figure 1 ). As the maximum differential phase effect is approximately equal to the relative source fluxes, it is essential to make very precise phase measurements. As the same beam path is used for all wavelengths, and by measuring the phases simultaneously, all common-mode achoromatic systematic effects will be removed from the observed differential phase observable.
One complication for differential phase observations is the wavelength dependence of the atmospheric dispersion. If this effect is not corrected, the fringe packets at different wavelengths will not be at the same location in delay space. An atmospheric dispersion compensator (ADC) is necessary to compensate the dispersive phase delay between wavelengths, allowing the fringe tracker to make simultaneous phase measurements.
3. DIFFERENTIAL PHASE AT PTI 3.1. Demonstration observations As part of the development effort for differential phase, test observations were made at PTI. A well-studied binary source,4 t Peg (HD 210027) was specifically chosen to give a large differential phase signature, which is produced by a large color difference between the components and a binary separation of at least one fringe spacing. During the 1997 and 1998 observing seasons, t Peg was observed and its orbital parameters were derived as part of the binary orbit program at PTI. 4 A differential phase metric can be constructed from any two channel phases. Widely separated wavelengths tend to have larger differential phase signatures, although this depends on the details of the source spectra. For the PTI data, we have used the group delay estimate as a differential phase metric and concentrated on observations within the K band. As part of the normal observing procedure, the real-time system at PTJ calculates a group delay estimate every 0.5 seconds. This estimate uses a complex Fourier transform of the channel quadratures and is analogous to a straight line fit to the channel phases.' The fringe tracker, which tracks the broadband fringe phase, uses the group delay to keep the track point on the central fringe. If the measurement has sufficient signal-to-noise, a group delay value outside the range will cause the fringe tracker to hop one fringe. Due to compensation of the vacuum delay with a dispersive air path, the fringe phase and the fringe envelope have slightly different velocities, which correspond to a group delay change of one fringe (2.2 microns) for every 4 meters of change in delay. We will refer to this as the sidereal signature. Before a source can be evaluated for a differential phase signature, the sidereal signature must be measured and removed. The group delay signature is a function of delay and has two parameters: a slope of group delay over delay and an offset in delay. Once this signature and any instrumental effects are removed, any group delay value significantly different from 0 should be due to source characteristics.
An example of group delay data showing a clear sidereal signature is given in Figure 2 . The data in the top panel are from night 99186, which had low group delay noise, while the bottom panel is data from the same source from night 99169, where the group delay is more noisy. As discussed in Section 3.2, our current understanding of the infrared dispersion due to water suggests that the group delay noise is dominated by water vapor fluctuations in the atmosphere, the magnitude of which vary greatly from night to night at PTI.
t Peg was observed for over 2 hours in good weather conditions on night 99304. On this night, only 1 calibrator, HD 209761, was observed. The sidereal signature measured on the calibrator using the above procedure produced a best-fit slope (group delay/delay) of -5.85 x i07 um/,uin and an offset of -2.2 x 106 ,am. The residual rms after removing this sidereal signature is 0.42 pm, but the residual time series shows remaining structure within each 130 scan, consistent with water vapor fluctuations, and some low frequency structure over the 2 hour time interval. This low frequency structure was removed by averaging the data points within each scan and interpolating in time. The low frequency structure may be caused by instrumental effects or by long term changes in the water column. The sidereal slope and the scan average were both subtracted from the source group delay (Figure 3) . The source group delay is clearly offset from zero and is consistent with the predicted differential phase.
The differential phase for i. Peg is predicted as described in Section 2.1 using the orbital parameters from Ref. 4 and the PTI baseline. Blackbody spectra are used for both of the components with spectral types of F5V for the primary and G8V for the secondary, with effective temperatures of 6440 and 5570 K, respectively. The flux of the secondary is scaled to match the measured intensity ratio in the K band. The distance to the system is 11.5 pc. 
Atmospheric limitations
Dispersion in the dry atmosphere above the interferometer results in leakage of the systematic delay, causing the sidereal signature discussed above, as well as the seeing, into the group delay. However, the seeing term should be much smaller than the systematic term, and doesn't explain the excess noise seen in Fig. 2 . While the effects of water vapor on seeing are typically ignored for astronomical observations in the visible and near-infrared bands, our hypothesis was that we were seeing an effect attributable to atmospheric water vapor via a strongly dispersive refractive index. This would not be expected from simply extrapolating the traditional optical formulae5 to the near-infrared. However, a recent calculation of the water vapor refractive index across the K band (by the same group, and with the same approach, as Ref. 6 , which calculated the index at 10 im and at a few points near 3.5 pm), leads to a water vapor refractive index with 20 times more dispersion than an extrapolation of the optical formulae. These analytic results are consistent with water vapor index measurements performed at PTI, and suggests that leakage to the differential phase via a highly dispersive water vapor refractive index is indeed responsible for the excess noise seen in the PTI data. For the atmospheric conditions corresponding to a good night on Mauna Kea, the water vapor seeing component of the differential phase metric is 1OOO times larger than the astrophysical signature and integration times of 1 hour reduce the seeing contribution by a factor of 25. We have investigated several techniques to mitigate the effects of atmospheric water vapor. One approach is to use the dual-star feed to simultaneously observe a nearby (separation less than a few arcmin) calibrator source, which is assumed to have no intrinsic differential phase signature, to measure the atmospheric and instrument group delay fluctuations and apply this correction to the source. This method is the most direct; however, not all of the target sources have suitable calibrators. The differential water vapor can also be estimated using the intensity fluctuations in the water line between the H and K bands. For the total water columns typical for good night at Mauna Kea, this line is not saturated and small changes in the total column result in small changes in the transmission. For these bright target sources (Kmag 5), this method yields a factor of 10 improvement, although there may be difficulty transferring the data to the differential phase metric. Probably the best approach is to take measurements at several different wavelengths and to use the different wavelength dependencies of the water vapor and the source differential phase to separate the astronomical and atmospheric effects. If the refractivities of the dry atmosphere and the water and the shape of the differential phase signature as a function of wavelength are known and are not degenerate, the magnitude of the differential phase can be determined from phase measurements at several wavelengths using matrix inversion or least squares methods.
DIFFERENTIAL PHASE WITH THE KECK INTERFEROMETER 1 . Candidate sources and predicted signatures
The companions to nearby stars discovered through radial velocity searches7 are the best candidates for differential phase observations. As warmer planets will have a larger flux relative to the stellar flux, and therefore a larger differential phase, planets with orbital radii less than 0.1 AU are the best targets for the Keck Interferometer ( Table  1) .
Observations of planet candidates found with the radial velocity technique yield the planet mass times the sine of the inclination and the orbit. Predictions for the composition and temperature of these planets come from modeling, extrapolation from our own solar system, and recent spectral data from cool brown dwarfs such as Gliese 229B. To investigate the range of differential phase signatures possible from the close-in systems (radii < 0.1 AU), we have examined models from Ref. [8] [9] [10] . Models of isolated planets and brown dwarfs such as the work of Refs. 11,12 are not applicable for the close-in planets due to the intense stellar radiation. A close-in planet will have a different The three groups8'° have all produced models for 51 Peg, and we have used these models in estimating the differential phase signature. Although all groups find effective temperatures in the range 1200-1300 K, the predicted infrared spectra vary from a nearly featureless, almost blackbody spectrum8 to strong departures from blackbody due to molecular lines.10'9 These three spectra, given in terms of planet/stellar flux ratio are shown in Figure 4 . Using these spectra, the predicted differential signature between the H and K bands is roughly 0.1 milliradians. Extending the measurements to the L or M bands increases the signature to '-.0.3 milliradians due to the higher planet/stellar flux ratio at these wavelengths.
Observations and systematics
To measure the differential phase at the levels predicted above, minimization of the atmospheric and instrumental terms is essential. As discussed in Section 3.2, differential phase measurements must account for dispersion in both the dry and wet atmospheric components to yield an observable which is independent of the seeing. Contributions from instrument systematics are important at the level of tenths of milliradians. In particular, the delay line stroke, fringe wavelength and beam walk must be well calibrated. 
